Two experiments were conducted with the aim of studying how dietary fat source, reproductive stage (Exp. 1), and diurnal variation (Exp. 2) affect plasma ketone bodies in sows. In Exp. 1, 40 secondparity sows were fed 1 of 5 lactation diets from 7 d prepartum until 28 d postpartum, with low or high levels (3% or 8%) of dietary fats with different proportions of medium-and long-chain fatty acids. Blood was obtained by jugular venipuncture on d 3 and 7 prepartum, and d 1, 10, 17, and 28 postpartum, and concentrations of plasma beta-hydroxy butyric acid (BHBA), acetoacetate + acetone (AcAc+Ac), glucose, NEFA, lactate, acetate, and butyrate were determined. For 4 out of 5 treatments, plasma BHBA decreased slightly, whereas plasma AcAc+Ac remained stable. However, plasma BHBA (P < 0.01) and AcAc+Ac (P < 0.001) doubled after d 10 of lactation in sows fed 4% octanoic acid and 4% fi sh oil diet (4+4% FO; P < 0.001), compared with earlier in lactation (P < 0.001). Plasma AcAc+Ac was positively related to BHBA (P < 0.01), glucose (P < 0.05), and butyrate (P < 0.001), and negatively related to the acetate:butyrate ratio (P < 0.001). In addition, plasma BHBA was positively related to lactate (P < 0.01), acetate, and butyrate (P < 0.05). In Exp. 2, diurnal variations of plasma metabolites were studied in 5 sows sampled every second hour from a jugular catheter throughout a 24-h period on d 5 and 17 of lactation and analyzed as in Exp. 1. In addition, milk and urine samples were collected and analyzed for BHBA and AcAc+Ac. No diurnal variations in plasma BHBA or AcAc+Ac were observed and plasma AcAc+Ac was unchanged from d 5 to 17 of lactation (3.7 μM), whereas BHBA declined from 58 μM on d 5 of lactation to 52 μM on d 17 of lactation (P < 0.05). Minor amounts of AcAc+Ac were found in urine (8.6 μM) and this was not affected by days in milk, whereas the content of AcAc+Ac in milk and BHBA in milk and urine were less than the detection limit in 4 of 5 sows. In conclusion, dietary fat source affected plasma concentrations of ketone bodies, but the concentrations were much less than normally observed in dairy cows and, therefore, primary ketosis does not appear to be a major problem in sows. In addition, this study indicates that the intermediary metabolism of sows was challenged when sows were exposed to high fat diets in late gestation.
INTRODUCTION
Modern, highly prolifi c sows give birth to large litters (Pedersen et al., 2010) and their total milk production during a 28-d lactation period corresponds to 1 to 1.5 times their own BW (Hansen et al., 2012) . Huge amounts of nutrients are secreted into milk, and, as a result, the sow becomes catabolic because milk production is given the greatest priority . As a consequence of this high productivity, the incidence of health problems (e.g., mastitis, metritis, agalactia, shoulder lesions, reproductive failure, and even death) is high. In addition, it might be expected that metabolic disorders for sows are becoming more common because selection has emphasized prolifi cacy.
Metabolic disorders are common for dairy cows and ketosis is common in early lactation where intermediary metabolism undergoes extensive changes (Larsen and Kristensen, 2010) . Ketotic cows are char-acterized by low appetite, decreased milk yield, and reduced physical activity. Clinically, ketosis is revealed by increased ketone bodies and NEFA in plasma, reduced plasma glucose, and excretion of ketone bodies in milk, urine, and expired air (Nielsen et al., 2005; Goldhawk et al., 2009; Ospina et al., 2010) .
Low appetite and low milk production in early lactation is also observed in sows. Highly prolifi c sows likely suffer from similar metabolic disorders as dairy cows. A pilot experiment indicated that 15% of 422 tested sows had elevated beta-hydroxy butyric acid (BHBA) concentrations in milk (Olesen et al., 2010) . Therefore, the present study was conducted to study plasma ketone bodies in plasma, milk, and urine in response to fat level and type, and physiological and postprandial stage, and determine whether or not ketosis is a potential problem in highly prolifi c sows.
MATERIALS AND METHODS
Blood sampling, housing, and rearing were in compliance with Danish laws and regulations for the humane care and use of animals in research [The Danish Ministry of Justice, Animal Testing Act (Consolidation Act No. 726 of September 9, 1993 as amended by Act No. 1081 of December 20, 1995) ]. Furthermore, the Danish Animal Experimentation Inspectorate approved the protocols and supervised the experiment. The health of the animals was monitored and no serious illnesses were observed.
Experiment 1: Effects of Stage of Lactation and Diets
Animals. Forty second-parity sows (Danish Landrace × Yorkshire) were studied from 1 wk before expected parturition until 4 wk after parturition (i.e., during the transition phase from gestation to lactation and throughout lactation). During the experiment, sows were kept in individual farrowing crates. The experiment was carried out in 3 blocks of sows according to farrowing date. All litters were standardized to 12 piglets the day after parturition and piglets were weaned at 28 d of age.
Blood samples were obtained from sows on d 108 and 112 of gestation, and on d 1, 10, 17, and 28 of lactation. Blood samples (2 × 9 mL of blood) were typically collected by jugular vein puncture 4 h after the morning feeding. However, blood samples on d 1 were taken 24 h after birth of the fi rst piglet. Plasma was harvested in heparinized tubes (Hettich Labinstrument ApS, Hillerød, Denmark) after centrifugation for 10 min (1,558 × g) at 4°C and stored at -20 o C until analysis. A total of 50 mL of milk was obtained from 2 to 3 glands by hand milking after intravenous administration of 0.3 mL oxytocin (10 I.E./mL; Løvens Kemiske Fabrik, Ballerup, Denmark) on the same days as blood was collected.
Diets and Feeding. Throughout the experiment, sows were fed 1 of 5 lactation diets: a standard diet containing 3% animal fat (AF) or lactation diets with 8% supplemented fat from coconut oil (CO), sunfl ower oil (SO), fi sh oil (FO), or 4% octanoic acid (C:8; Edenor, Azelis Nordic-Brøste A/S, Kgs. Lyngby, Denmark) and 4% FO (4+4). The 3% AF diet was rich in long-chain fatty acids but intentionally had less crude fat content than the other lactation diets. The diet containing 8% CO was rich in saturated medium-chain fatty acids; 8% SO was rich in polyunsaturated long-chain fatty acids; 8% FO was rich in monounsaturated and polyunsaturated longchain fatty acids; and 4+4% FO was rich in both saturated medium-chain fatty acids and mono unsaturated and polyunsaturated long-chain fatty acids. The composition of the lactation diets is shown in Table 1 .
The lactation diets were formulated to ensure the optimal supply of macronutrients and energy for lactating sows (Jørgensen, 2005) and the diets contained an antioxidant (60 mg butylated hydroxytoluene). Feed was offered twice daily (at 0700 and 1500 h) and sows received the same amount of energy on a NE basis, which corresponded to 35 to 37 MJ ME/d from d 108 until d 112 of gestation (2.7 to 2.9 kg feed daily), and 32 to 33 MJ ME/d from d 113 until d 2 of lactation (2.5 to 2.6 kg feed daily). After parturition, feed intake was increased progressively during the fi rst 10 d of lactation [4.5 kg on d 3 to 7 (58 MJ ME/d), 6.0 kg on d 8 to 13 (77 MJ ME/d)], and then sows were fed semi ad libitum [7.0 to 8.0 kg (90 to 103 MJ ME/d) according to the number of piglets and appetite] until weaning (Lauridsen and Danielsen, 2004) . The feed intake for each sow was recorded on a daily basis. The sows had free access to water.
Experiment 2: Diurnal Variation
Animals. Five second-parity sows (Danish Landrace × Yorkshire) were studied from 1 wk before expected parturition until 4 wk after parturition. Throughout the experiment, sows were kept in individual farrowing crates. All litters were standardized to 14 piglets the day after parturition to maximize the metabolic load on sows and metabolic load was evaluated by the milk yield of sows at peak lactation (d 14 to 17; Hansen et al., 2012) . Piglets were weaned at d 28 of age.
Blood samples were taken from sows using an indwelling catheter, which was inserted into the jugular vein 1 d before blood sampling, with the sow held by snare restraint. Blood samples (2 × 9 mL of blood) were collected every other hour throughout a 24-h cycle (from 1400 h until 1400 h the next day) on d 5 (range 3 to 7 d) and 17 of lactation (range 15 to 19 d). Plasma was har-vested in heparinized tubes after centrifugation for 10 min (1,558 × g) at 4°C and stored at -20 o C until analysis. Spot samples of urine were collected on the same days when milk samples were collected by intravenous administration of 0.3 mL oxytocin and after collection of a series of blood samples.
Diet and Feeding. Throughout the experiment, sows were fed a lactation diet based mainly on barley (31.7%), wheat (31.7%), soybean meal (13.4%), and oat (10%), and the diet (4% CO) was supplemented with CO (4.3%) at a level as high as practically possible without causing problems with feed handling and, consequently, the dietary fat level was 7.8%. The diet was formulated to ensure optimal supply of macronutrients and energy for lactating sows (Jørgensen, 2005) and the diet contained an antioxidant (60 mg butylated hydroxytoluene). Feed was offered twice daily (at 0700 and 1500 h), and the feeding protocol was identical to that used in Exp. 1.
Chemical Analysis
Weekly subsamples of the diets were collected and pooled for analysis of dietary composition. The DM content was measured by drying to a constant weight (~20 h) at 103°C. Nitrogen was measured by the Dumas method (Hansen, 1989) and protein was calculated as N × 6.25. Gross energy was determined with an adiabatic bomb calorimeter (IKA-C 400, IKA Werke, Janke & Kunkel, Staufen, Germany). Dietary content of starch and nonstarch polysaccharides were analyzed as described by Knudsen (1997) . Fat was extracted with a monophasic mixture of chloroform, methanol, and water, after hydrochloric acid hydrolysis as described by Bligh and Dyer (1959) , and fatty acids (≥C8) were determined by GLC (capillary) after saponifi cation and methylation, as described by Rotenberg and Andersen (1980) , with substitution of hexane for heptane and using C17:0 as the internal standard. Plasma concentrations of BHBA were determined using an enzymatic assay (RB 1008; Randox Laboratories Ltd., Crumlin, UK) adapted for use on an analyzer (Cobas Mira Auto Analyzer; Triolab A/S, Brøndby, Denmark). The plasma concentration of acetoacetate + acetone (AcAc+Ac) was determined by head space GC-MS (Kristensen et al., 2007) . The total amount of AcAc+Ac in the samples was determined as acetone after decarboxylation of acetoacetate by incubation at 100°C for 1 h. The concentrations of BHBA and AcAc+Ac in urine and milk were determined as described for plasma. Furthermore, plasma samples were analyzed for lactate and glucose (lactateoxidase, glucose hexokinase II; enzymatic, colorimetric determination), according to standard procedures (ADVIA 1650; Siemens Healthcare Diagnostics, Tarrytown, NY). The plasma NEFA content was determined using the NEFA C ACS-ACOD method (Wako Chemicals GmbH, Neuss, Germany). Lactate, glucose, and NEFA analyses were performed with an auto analyzer (ADVIA 1650; Siemens Healthcare Diagnostics). Finally, short-chain fatty acids were analyzed as described by Brighenti (1998) , although 2-ethyl butyrate (Fluka No. 03190; Sigma Aldrich, St. Louis, MO), rather than isovaleric acid, was used as the internal standard.
Calculations and Statistical Analyses
Milk yield of sows was calculated by predicting the individual piglet milk intake, using a curvilinear function of growth rate, as described by Theil et al. (2002a) , using:
where 582 is the amount of milk required per day to maintain BW of 14-to 17-d old piglets, GR is the growth rate in g/d, and 1.168 and 0.00425 are regression coeffi cients. Data were subjected to ANOVA using the MIXED procedure (SAS Inst. Inc., Cary, NC).
The statistical model applied to analyze the data from Exp. 1 included the fi xed effect of block, diet, days in milk, and treatment by days in milk interaction. Days in milk within sow was considered as a repeated measure and accounted for using a random covariance structure because the covariance structure was generally found to fi t well to the present type of time series. All plasma metabolites, except BHBA and glucose, were subjected to a logarithmic transformation to stabilize the residual variance and analyzed with the full model, whereas production variables were analyzed with a model without β j and αβ ij :
where Y ijkl is the response variable, μ is the overall mean, α i is the effect of lactation diet (i = 1,...,4), β j is the effect of day relative to parturition (j = -7, -3, 1, 10, 17, and 28), αβ ij is the interaction term, γ k is the effect of block (k = 1,..,3), ν l is the random effect of sow (l = 1, 2, …,40), and ε ijkl is the random error component, which is assumed to be N (0, σ 2 ).
The following model was applied to analyze data from Exp. 2:
where Y ijkl is the response variable, μ is the overall mean, α i is the effect of days in milk (j = 3, 17), β j is the effect of diurnal variation (samples 1, 2, ..., 13), α β ij is the days in milk × diurnal variation interaction, ν l is the random effect of sow (l = 1, 2, 3, 4, and 5), and ε ijkl is the random error component, which is assumed to be N (0, σ 2 ).
RESULTS

Feed Analysis
As expected, the 3% AF diet had a reduced crude fat content (72 g/kg DM), compared with the 8% FO (103 g/kg DM), 8% CO (105 g/kg DM), 4+4% FO (106 g/kg DM), and 8% SO diets (100 g/kg DM) in Exp. 1, which also affected dietary energy content (Table 1) . In general, the fatty acid composition of the diets refl ected the fatty acid composition of the added fat sources [i.e., 3% AF was rich in long-chain fatty acids, 8% CO was rich in saturated medium-chain fatty acids, 8% SO was rich in polyunsaturated long-chain fatty acids, 8% FO was rich in monounsaturated and polyunsaturated long-chain fatty acids, and 4+4% FO was rich in both saturated medium-chain fatty acids (specifi cally, octanoic acid) and monounsaturated and polyunsaturated long-chain fatty acids]. The 4%CO diet used in Exp. 2 was rich in saturated medium-chain fatty acids.
Performance Data
In Exp. 1, the lactation diets did not affect sow BW prepartum, sow BW at weaning, number of live-born piglets, or number of weaned piglets ( Table 2 ). The milk yield at peak lactation (d 14 to 17), thus, the metabolic load on sows, tended to be greatest (P = 0.08) in sows fed 4+4% FO (13.8 kg/d), intermediate in sows fed 8% SO and 8% FO (13.1 to 13.2 kg/d), and least in sows fed 3% AF and 8% CO (12.1 to 12.2 kg/d). In Exp. 2, sows gave birth to more piglets (16.6), compared with sows in Exp. 1. Litters were deliberately standardized to 14 piglets, compared with 12 in Exp. 1, to maximize the metabolic load. However, the number of weaned piglets and milk yield at peak lactation of sows fed the 4% CO diet were similar to that observed for sows with the lowest productivity in Exp. 1 (3% AF and 8% CO).
Plasma Metabolites
Dietary Effects. Interactions between lactation diets and days in milk were found for ketone bodies (BHBA and AcAc+Ac; P < 0.001) and acetate:butyrate ratio (P < 0.01; Table 3 ; Fig. 1 ). Plasma BHBA decreased slightly from late gestation to the end of lactation with mean values of 42 and 32 μM, respectively, in all dietary groups, except 4+4% FO. For the latter group, BHBA doubled from d 10 to 28 of lactation (53 μM), compared with the concentration 3 d prepartum and on d 1 of lactation (23 μM). However, within a day, none of the dietary treatments differed from the control diet (Fig. 1A) . Plasma AcAc+Ac was rather stable for all dietary treatments, except for sows fed 4+4% FO, in which AcAc+Ac doubled from d 10 to 28 of lactation (32 μM), compared with the remainder of lactation (14 μM) and other diets (13 μM). In contrast, plasma AcAc+Ac increased as lactation progressed in sows fed 8% FO or 4+4% FO, being most pronounced for the 4+4% FO diet. From d 10 to 28 of lactation, plasma AcAc+Ac was greatest for 4+4% FO a,b Within a row, means followed by same or no superscript do not differ (P > 0.05).
1 AF = animal fat (3%); CO = coconut oil (8%); SO = sunfl ower oil (8%); FO = fi sh oil (8%); 4+4% FO = octanoic acid (4%) + FO (4%); and 4% CO = 4.3% CO.
2 BHBA = betahydroxy butyric acid; and AcAc+Ac = acetoacetate + acetone. (32 μM), intermediate for 8% FO, and lowest in sows fed 3%AF, 8%CO, and 8%SO (13 μM). The acetate:butyrate ratio increased from d 7 to 3 prepartum and then decreased until the end of lactation (d 28 ). The reduction with progression of lactation was steepest for sows fed 4+4% FO and least steep for sows fed 8% SO. Dietary effects were observed on plasma concentrations of lactate and butyrate, and plasma acetate:butyrate ratio, whereas the dietary treatments did not affect plasma concentrations of glucose, NEFA, and acetate. Plasma lactate was greater in sows fed 3% AF, 8% SO, or 8% CO, but was low in sows fed either 8% FO or 4+4% FO (P < 0.05). Finally, plasma butyrate was greater in sows fed 4+4% FO (10.1 μM), compared with other dietary treatments (6.0 to 7.4 μM; P < 0.05). Physiological Stage. Days in milk affected all observed plasma metabolites in the present study (Table  4 ; Fig. 1 ). Plasma BHBA was greatest 1 wk before farrowing (42 μM), least 3 d before farrowing (31 μM), and then intermediate throughout lactation (P < 0.05). Plasma AcAc+Ac was lowest in late gestation (8.9 μM), intermediate in early and peak lactation (d 1 to 17), and peaked at weaning (18.4 μM; P < 0.001). Plasma glucose increased from 4.61 mM 1 wk before farrowing to 5.47 on d 1 of lactation, remained increased until peak lactation, and then declined to 5.08 mM at the end of lactation. Plasma lactate was decreased in late gestation (1.18 to 1.35 mM), peaked the day after farrowing (1.96 mM), and then remained increased throughout lactation, compared with prepartum concentrations (1.56 to 1.83 mM; P < 0.001). Plasma NEFA increased from 79 at 1 wk before farrowing to 213 at d 1 of lactation, and then declined to prepartum concentrations at the peak and end of lactation (P < 0.001). Plasma acetate was greatest at 1 wk before farrowing (284 μM), low around parturition (173 and 155 μM at -3 and +1 d in milk, respectively), and intermediate during lactation (P < 0.001). Plasma butyrate was intermediate at 1 wk before farrowing (8.2 μM), low around acetate:butyrate ratio, and E) NEFA in sows fed 1of 5 lactation diets [3% animal fat ( ), 8% coconut oil ( ), 8% sunfl ower oil (×), 8% fi sh oil ( ), or 4% octanoic acid + 4% fi sh oil ( )] from late gestation (7 d prepartum) until weaning [28 d in milk (DIM)]. The least square means different from 3% AF diet within a specifi c day are shown: † P ≤ 0.10, * P ≤ 0.05, ** P ≤ 0.01, and *** P ≤ 0.001. parturition (3.7 to 4.2 μM at -3 and +1 d in milk, respectively), and greatest in lactation (12 μM; P < 0.001). The acetate:butyrate ratio peaked at 3 d before farrowing and declined as lactation progressed (P < 0.001).
Correlations between Plasma Metabolites. Plasma AcAc+Ac was positively related to plasma BHBA (P < 0.01), glucose (P < 0.05), and butyrate (P < 0.001), and negatively related to the acetate:butyrate ratio (P < 0.001; Table 5 ). In addition, plasma BHBA was positively related to plasma lactate (P < 0.01) and acetate and butyrate (P < 0.05). Furthermore, the acetate:butyrate ratio was negatively related to plasma glucose (P < 0.01) and positively related to plasma NEFA (P < 0.05).
Diurnal Variation in Plasma Metabolites. No interaction between days in milk and time after feeding was found for any of the plasma metabolites studied in Exp. 2. Except for NEFA, no diurnal variation in plasma metabolites was observed (Fig. 2) . Plasma NEFA was reduced after feeding but increased progressively until the next feeding. Plasma AcAc+Ac was similar at d 5 and 17 of lactation (3.7 μM), whereas glucose decreased from 5.1 to 4.7 mM (P < 0.001), BHBA decreased from 58 to 52 μM (P < 0.05), plasma lactate increased from 1.32 to 1.42 mM (P < 0.01), and plasma NEFA increased from 316 to 453 μeqv/L (P < 0.01).
Ketone Bodies in Urine and Milk. Acetone (AcAc+Ac) was found in urine in minor amounts (8.6 μM) and was not affected by stage of lactation. The contents of AcAc+Ac in milk, BHBA in milk, and BHBA in urine were all less than detection limits (14, 12, and 10 μM, respectively; data not shown).
DISCUSSION
Ketosis is a common problem in dairy cows with decreased feed intake, negative energy balance, and increased fat mobilization being major risk factors (Nielsen et al., 2005; Larsen and Kristensen, 2010) . Ketosis arises in the liver if fat oxidation is prevalent (ketogenic energy) and glucogenic substrates are insuffi cient. Normally, acetyl CoA enters the citric acid cycle, but in animals suffering from ketosis, acetyl CoA is converted to acetoacetate, which may further be metabolized to either BHBA or acetone.
Primary ketosis had not been identifi ed as a problem for sows, but during the last 2 decades, pigs have genetically been selected for increased litter size (Pedersen Table 4 a-e Within a row, means followed by same or no superscript do not differ (P > 0.05).
2 BHBA = beta-hydroxy butyric acid; and AcAc+Ac = acetoacetate + acetone.
3 Not detected at d 28 because of technical problems. , 2010) , which concomitantly has increased their milk yield and decreased their energy balance (Theil et al., 2004) . Therefore, it may be speculated that primary ketosis has now become a problem for highly prolifi c sows, especially because of the feeding practices during late gestation and early lactation, where sows are fed diets with elevated fat content to avoid excessive energy mobilization throughout lactation (Theil et al., 2004) .
To date, only a few studies have investigated the effect of feed and feeding on the plasma BHBA content of sows. Spence et al. (1985) reported that 15% of ME supplied as 1,3-butanediol had a clear ketogenic effect on sows on d 102 of gestation when fed from d 90 of gestation (540 μM compared with 120 μM in control sows). Revell et al. (1998) reported greater plasma BHBA in the second week of lactation (12 to 41 μM), compared with prepartum concentrations (8 to 12 μM) and in the fourth week of lactation (6 to 22 μM). The latter study also reported decreased plasma BHBA in sows restricted in dietary protein. Restriction of dietary protein inevitably decreases milk yield of sows . The study by Revell et al., (1998) indicated that ketone body formation is positively related with milk yield. However, none of the previous studies investigated ketone bodies in sows nursing large litters or focused on the effects of dietary fat sources on the presence of plasma ketone bodies. To our knowledge, plasma contents of acetone and acetoacetate have not previously been reported for sows, and it may be speculated that sows preferentially produce these ketone bodies over BHBA. In support of that theory, we previously measured contents of plasma BHBA (ranging from 22 to 30 μM) in sows from a production herd claimed to smell acetone, but in that instance, acetone and acetoacetate were not detected. Oxidation of fat may be increased by including unsaturated fatty acids or medium-chain fatty acids in the diet. The mechanisms may involve altered hepatic transcription of genes (Jump et al., 2005) or a shift in ß-oxidation between mitochondria and peroxisomes (Odle et al., 2005) . In contrast to long-chain fatty acids, mediumchain fatty acids are absorbed from the portal venous system and transported directly to the liver and they are regarded as obligate fuels because acyl-CoA transferases (involved in synthesis of triglycerides) have a low affi nity for medium-chain fatty acids (Bach and Babayan, 1982) . In the present study, inclusion of 4% octanoic acid was associated with increased concentrations of ketone bodies (BHBA and AcAc+Ac), possibly because of the increased fat oxidation. Interestingly, the ketone bodies were elevated only during lactation but not during transition, which may be due to the low availability of glucose in hepatocytes after parturition because glucose is preferred for milk production . In support of this theory, in the present study, circulating concentrations of glucose were greater throughout lactation, compared with prepartum concentrations.
In contrast to octanoic acid, inclusion of 8% CO, containing mainly C10 and C12 fatty acids, did not increase ketone body formation, possibly because a greater proportion of these fatty acids were absorbed via the lymph and not the portal vein system (McDonald et al., 1980) . In support of this, Kristensen and Harmon (2005) reported a decreased ketogenic potential in livers of steers as the chain length of infused fatty acids increased (C5, C6, and C7 fatty acids). An alternative explanation for the greater plasma ketone bodies in sows fed 4% octanoic acid, compared with 8% CO, is that hepatic oxidation prefers C2, C8, and C16 fatty acids for oxidation (Odle et al., 2005) . In contrast, 8% SO and 8% FO diets did not increase plasma ketone bodies, compared with the control diet. A reasonable explanation is that very longchain fatty acids are poorly oxidized or not oxidized at all in the mitochondria (Lazo et al., 1990) .
In Exp. 1, it was observed that both BHBA and acetone/acetoacetate were affected by the fat content of the diet. However, plasma ketone bodies in sows were substantially lower than those found in cows (Larsen and Kristensen, 2010) . Compared with cows, plasma BHBA was 10-to 100-fold lower, plasma AcAc+Ac was 3-to 10-fold less, and urinary AcAc+Ac was 2-to 11-fold less in sows. Insuffi cient ability to maintain glucose homeostasis is the underlying reason why ketosis arises in early lactation of dairy cows. Negative relationships between glucose and BHBA in cow plasma are common (Larsen and Kristensen, 2010) . Although, in the present study, plasma BHBA did not correlate with plasma glucose, plasma AcAc+Ac was positively correlated with plasma glucose. These fi ndings indicate that plasma ketone bodies were not problematic for sows and it therefore seems unlikely that lactating sows experience primary ketosis.
Glucose is produced mainly from propionate in the liver of dairy cows (Aschenbach et al., 2010) , whereas glucose is abundantly present in sow plasma originating from digested starch (Serena et al., 2009 ). This likely explains why cows frequently suffer from ketosis and sows do not. However, ketosis as a possible metabolic disease or disorder in sows could not be completely disproved by Exp. 1 because the metabolic load on the sows was not maximal. In addition, production of ketone bodies may fl uctuate diurnally and ketone bodies in sows may be preferentially secreted as acetone or acetoacetate in milk or urine.
An attempt to maximize the metabolic load in Exp. 2 by increasing litter size to 14 piglets was not fully realized, mainly because the litter size was not increased at weaning. In addition, these sows unexpectedly ingested less feed, likely because of the high ambient temperature during the experiment (carried out in July), and their estimated energy balance was more negative than in Exp. 1 (data not shown). Based on Exp. 2, we conclude that plasma ketone bodies do not fl uctuate diurnally and only minute amounts of ketone bodies are excreted in the urine.
In a pilot experiment (Olesen et al., 2010) , 422 milk samples were collected from 47 sows at a commercial farm and tested for ketosis. Fifteen percent of all samples were found to contain >200 μM BHBA in milk (Ketolacsticks, Precision Xceed; Abbott Scandinavia AB, Solna, Sweden). According to manufacturer guidelines, the stick specifi cally detects BHBA and the detected content should be evaluated precisely 60 s after milk is applied to the stick to avoid cross sensitivity. In the current experiment, all measured BHBA concentrations in milk were <5 μM. These fi ndings indicate that the increased milk BHBA found in the previous study by Olesen et al. (2010) may be due to cross-reacting metabolites.
If sows are fed excessive amounts of dietary fat, the acetate:butyrate ratio in circulating blood will increase because the liver oxidizes glucogenic substrates in preference to ketogenic substrates and because the liver has a net production of acetate when fed greater than maintenance (C. Flummer, N. B. Kristensen, and P. K. Theil, unpublished data). The acetate:butyrate ratio, which is indicative of alterations in hepatic metabolism, peaked in late gestation and declined during lactation. This observation is likely associated with the fact that late gestating sows are supplied with excessive amounts of dietary fat because the amount of fat required for colostrum production is minor and fat is oxidized when fed at more than maintenance (Theil et al., 2002b) , and is not stored in fetuses (Pastorelli et al., 2009 ). Assuming a sow ingests an average of 3 kg/d of feed during the last week of gestation, a standard lactation diet (7% dietary fat with 80% digestibility) will supply the sow with 168 g/d of digested fat. The amount of fat used for colostrum fat production may be estimated as 34 g/d (assuming 6% fat in colostrum, a colostrum yield of 4 kg, and the colostrum is being produced uniformly; Jackson et al., 1995; Foisnet et al., 2010) . As a consequence, late gestating sows receive excessive amounts of digested fat from the diet, amounting to >100 g/d. In the present study (Exp. 1), the excessive supply was even greater due to the greater inclusion of dietary fat (8% added fat). As a result, the intermediary metabolism of late gestating sows must be adapted to rely on fat oxidation or the sow is forced to retain considerable amounts of body fat. The high acetate:butyrate ratio around parturition, even in sows fed the control diet with only 3% added fat, indicates that hepatic metabolism adapts slowly, if at all, to the increased fat supplied during the last week of gestation and that the problem with excessive supply of ketogenic energy is solved at some point in the fi rst or second week of lactation once the amount of fat excreted in milk exceeds the amount of fat digested from the dietary supply.
In conclusion, dietary fat sources affected the plasma concentrations of ketone bodies, but the concentrations were much less than normally observed in dairy cows and, therefore, primary ketosis does not seem to be a problem in sows. In addition, the study indicates that the intermediary metabolism of sows was challenged when they were exposed to high fat diets in late gestation.
